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Bao-Quey Huang and Peter J. Fraser (1991) Morphology and physiology of 
the Mauthner cell in cod, Gadus morhua. Bull. Inst. Zool., Academia Sinica 30(3): 
227-236. Morphological and electrophysiological studies on the Mauthner cells of 
cod (Gadus morhua) were conducted. The results demonstrated that the teleost has 
fulfilled all four morphological criteria for Mauthner cells. These include conspi- 
cuous soma at the level of the 8th cranial nerve, two distinctive dendrites (lateral 
and ventral) a large axon, and a specific axon cap. A conspicuous ventro-lateral 
dendrite extended from the soma and branched distally was found in cod. The 
extracellular antidromic Mauthner cell response is a short latency (1.9 msec), with 
an all or none negative potential, and characteristically fits the physiological cri- 


teria of Mauthner cells. 
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Ti Mauthner system has close links 
with a characteristic startle or fast start 
response, indicated by a perfect time 
correlation between the initiation of the 
Mauthner spike and the start of a beha- 
vior response (Webb, 1978; Eaton et al. 
1981, 1982). The timing of their activity 
relative to the behavior response agrees 
well with the hypothesis that the Mauth- 
ner cell triggers 
pattern, and the cell never fires after the 
startle behavior has commenced (Faber 
and Korn, 1978; Eaton, 1983). Furthermore, 
the Mauthner impulse is sufficient to 
evoke a short latency all or none electro- 
myographic response that corresponds 
temporarily with this behavior (Hackett 
and Faber, cited in Eaton, 1983). This 
evidence suggests that the Mauthner cell 


the observed motor . 
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plays a role as a command neurone in 
the startle response (Eaton, 1983). 
Mauthner cells have long been known 
to be located at the level of the auditory 
nerve (the 8th cranial nerve) in the 
medulla oblongata of many lower aquatic 
vertebrates, elasmobranchs, agnatha, tele- 
osts and some amphibians (Retzlaff, 1957; 
Eaton et al, 1977; Faber and Korn, 1978). 
Of the 20,000 species of living teleosts, 
Mauthner cells have been investigated at 
the level of electrophysiology and beha- 
vior only in a few species, mostly cypri- 
nids (Kimmel et al, 1980; Zottoli, 1981; 
Eaton et al, 1981, 1982). The Mauthner 
cells of more than 200 species have been 
studied morphologically to date, and the 
data has revealed significant differences 
in size, disposition of the dendrites, and 
the structure of their axon and axon cap 
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(Zottoli, 19783; Faber and Korn, 1978). 
These specific differences suggest the 
inadequacy of generalizations regarding 
the physiological and ethological charac- 
teristics of the Mauthner cells. 

The cod Mauthner cell has not been 
investigated previously except for in a 
study conducted by Zottoli (1978a) which 
measured the size of the Mauthner cells in 
one individual cod. It is, however, con- 
ventional that several morphological and 
electrophysiological criteria are used for 
. identification and comparative studies of 
Mauthner cells. Four morphological cri- 
teria are used in the majority of teleosts 
including: (1) A large soma located at 
the level of the 8th cranial nerve; (2) 
Two main dendrites located laterally and 
ventrally; (3) The axon, the largest axon 
in the spinal cord; and (4) The axon cap, 
a particular neuropile surrounding the 
unmyelinated area of its axon and axon 
hillock (Faber and Korn, 1978). In order 
to urther confirm the identification, three 
electrophysiological criteria where used. 
These included: (1) The antidromic extra- 
cellular potential has a short latency and 
is an all or none spike; (2) Either anti- 
dromic or orthodromic activations could 
elicit a characteristically large ampli- 
tude negative extracellular potential; (3) 
The amplitude of the action potentials 
vary with the recording site on the re- 
cording cell (Zottoli, 1977; Eaton et al., 
1977; Eaton 1983). However, a general 
description of Mauthner cells, a basis 
for their identification, and a charac- 
terization of their morphology and 
physiology will be discussed in the 
present studies. 


MATERIALS AND METHODS 


Cod, Gadus morhua, with a body 
length ranging from 25 to 40cm were 
obtained locally from the North Sea 
around Aberdeen and acclimated in hold- 
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ing tanks for at least two days. Fish 
were anaesthetized by an intraperitoneal 


injection of Saffan (Alphaxalone Alpha- 
‘dolone acetate 3:1) at the dosage of 12- 


18mg/kg body weight (Horner, 1980). By 
a single injection of Saffan, the fish 
normally remained anaesthetized for the 
experiment duration. To calculate the 
dose required without unnecessary hand- 
ling of the experimental fish, the weight 
was calculated from the length of the 
fish using the linear body weight-length - 
relationship for lengths ranging between 
20 and 40cm (Fig. 1). Transverse, sagit- 
tal and horizontal serial sections of cod 
brain were obtained following perfusion 
of the circulatory system wih Duboscq- 
brasil fixative, wax embedding and sec. 
tioning at 104m, These were stained 
using the Holmes silver method which 
employs pyridine as a mordant and stains 
both cells and fibers (Guthrie, 1980). 

For electrophysiological recordings, 
the fish were anaesthetized as above for 
30 minutes when the opercular movements 
had slowed down, the fish was quickly 
clamped into the experimental tank and 
fixed with a pair of eye bars and a nose 
bar to immobilize the head (Fig. 2). A 
further clamp supported the body of the 
fish. During ‘experiments aerated and 
filtered seawater was supplied continuous- 
ly to fish buccopharynx via a hard mouth 
tube. This hard tube was used in con- 
junction with the nose bar to stabilize 
the head. The water flow rate through 
the branchial chamber was maintained ap- 
proximately 1,500 ml/min. When the fish 
were fully anaesthetized a mid-craftial 
incision was made with a scalpel and the 
cut was continued on one side of the 
dorsal ridge. In order to expose the 
cranial bone, overlying muscles were 
carefully removed to avoid any damage 
to blood vessels underneath. The optic 
tectum and cerebellum were revealed 
by removing the cranial bone and the 
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meninges in such a way as to minimize 
bleeding. 

Recording electrodes were made from 
15 mm diameter capillary tubing contain- 
ing fibres to aid filling (Clark Electro- 
medical GCI150F-15). Electrodes were 
pulled by a vertical puller (Bioscience 
Microelectrode Puller) and filled fitted 


with a membrane filter (Sartorius, GMBH, 


30 35 cm 40 


Relationship between body weight (gm) and body length (cm) of cod for anaesthetic 


pore size 0.454m). An electrical connec- 
tion was made with a silver wire which 
was chlorided and soldered to a 1 mm plug 
to minimize junction potentials (Purves, 
1981; Brown and Fyffe, 1984). A NL 102 
high impedance amplifier with a NL 100 
headstage was used to interface the re- 
cording electrode to an oscilloscope. The 
electrode impedance was measured using 
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Fig. 2. The experimental set-up for the Mauthner cell recording. Note the nose (n) and ear (e) 
bars, body clamps (b) for firmly holding the anaesthetized cod. E: electrode holders, M: 
hydraulic micromanipulator, S: metal plate, R: rubber pads, C: concrete table. 


an inbuilt electrode test facility (Huang, 
1986). Electrodes were used with imped- 
ances between 15 and 30M for an extra- 
cellular recording and between 30 and 
40 M for an intracellular recording. The 
` microelectrode on the headstage was fixed 
to a one dimensional hydraulic micro- 
manipulator (Narishige Scientific Instru- 
ment MO-8), which in turn was mounted 
on a Prior manipulator allowing control 
over three axes of displacement. Bipolar 
stimulating electrodes were placed on the 


exposed vertebral column near the caudal © 


base of the dorsal fin about 20 cm from the 
recording site to activate the Mauthner 
axon antidromically. A Farnell stimulator 
was used to produce stimulating pulses of 
0.3-1 msec duration, 0-100 volts amplitude 
at frequencies of 0.5-10Hz. The micro- 
electrode was lowered to a point 0.5-0.8mm 
posterior to the optic tectum at the level 
of the 8th cranial nerve and 0.5mm to 
either side of the midline. 

Electrically evoked responses could 
be monitored on the oscilloscope and 
stored in an FM tape recorder (Tandberg 
Instrumentation Recorder, Series 115) for 
later analysis. The response could also 
be averaged using a NL 750 signal aver- 


-corder at slow speed. 


ager triggered from a synchronizing pulse 
from the Farnell stimulator via a NL 200 
spike trigger, and plotted on a pen re- 
The fish holder, 
electrode carriers and the micromanipu- 
lators were mounted on an earthed plate 
mounted via rubber shock absorbers on a 
heavy concrete table. The whole set-up 
was shielded by a surrounding Faraday 
cage (Huang, 1986). 


RESULTS AND DISCUSSIONS 


I. Histology 


The two Mauthner cells, easily identi- 
fied in the cod, correspond in morpho- 
logical terms to those of. other species 
such as goldfish (Nakajima, 1974; Zottoli, 
1977; Zottoli et aL, 1984), bullhead (Retz- 
laff, 1957), Atlantic tomcod, (Zottoli, 1978b) 
and winter flounder (Zottoli, 1981). Mau- 
thner cells in cod show all four morpho- 
logical criteria: conspicuous soma at the 
level of the 8th cranial nerve, two dis- 
tinctive dendrites (lateral and ventral), 
large axon and specific axon cap. 

The cod’s Mauthner cell has a con- 
spicuously large soma whose position at 
the level of the 8th cranial nerve in the 
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medulla oblongata is shown in transverse 
sections (Fig. 3). The soma diameter 
was about 604m and the cell area was 
about 3,000 ~m?. Holms stained serial sec- 
tions also revealed various nuclei and 
fiber tracts in relation to the Mauthner 
cell in the cod. The ventral dendrites 
approach the nucleus motorius tegmenti 
and the tectobulbar tracts, which are 
known to send efferent fibers from the 
optic tectum to the lower brain. The 
Mauthner cell is located approximately 
400-500 um to the side of the midline and 
at a depth of about 4.5-5mm from the 
surface of the brain (Fig. 3). The dis- 
position of axon, and the lateral and 
ventral dendrites are detailed in Figs. 4A 
and 4B. In addition, these figures show a 
conspicuous ventro-lateral dendrite with 
a diameter of about 5 um extended from 
the ventro-lateral corner of the soma 
and branched distally. The differences 
between the endings on the soma and on 
the dendrites are not clearly distinguish- 
able. In the proximal part of the lateral 
dendrite and also in the soma apart from 
the axon hillock, the pattern of branches 
is consistent with a dense covering of 
Synaptic endings (Fig. 4). Some of the 
endings appear to be large myelinated 
club endings as in goldfish (Zottoli, 1978b). 
Under the light microscope, these endings 
have large diameters and lose their 
myelin abruptly when approaching the 
Mauthner cell dendrites so that they 
form blunt ends. | 

The axon of the cod Mauthner cell is 
large compared with surrounding fibers, 
with a diameter of about 15 to 20%. The 
axons run medially, somewhat anteriorly 
and then cross the midline to the contra- 
lateral side of the spinal cord. The axon 
cap is visible as a characteristic neuropile 
which is-divided into two parts. The 
central core consists of the axon hillock 
(Fig. 4C), the initial segment and the 
surrounding fine spiral fibers. These form 
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a helicoidal network around the initial 
segment and are thought to be from the 
supracommissural bundle of mesencepha- 
lic nucleus of the Fasiculus longitudinalis 
medialis (Zottoli, 1978). The peripheral 
region consists of glial cells, and large 
axonal processes (Fig. 4C). The glial 
cells, which are known as the cap wall, 
can be seen as a wall like layer around 
the axon cap (Fig. 4C). A montage of 
the cell reconstructed from transverse 
sections is shown in Fig. 4D. 

Teleosts are known to have two mor- 
phologically distinct types of axon caps 
to the Mauthner cells, and the cap struc- 
ture is family-specific (Ostuka, 1964). 
Type I is characterized by a layer of 
glial cells surrounding the spiral fibers, 
which are wrapped around the initial - 
segments of the Mauthner axon, and is 
commonly found in cyprinids. Type II 
axon cap does not have glial cells sur- 
rounding the spiral fibers, and is repre- 
sented by flounders. The axon cap of the 
cod shows a layer of glial cells hence 
placing cod Mauthner axons into type I. 
This further fits with the placing on size 
criteria and supports the assumption 
that the cod has a functional Mauthner 
mediated startle response (Huang and 
Fraser, 1989). 


Il. Antidromic Mauthner cell activation 


The Mauthner cell was identified, after 
antidromic stimulation, by a distinctive 
extracellular spike which was thought to 
be generated at the initial segment and 
axon hillock region (Eaton et al, 1977, 
1981). It has a characteristically short 
latency which could be distinguished 
from the neighboring slower conducting 
neurones. With a stimulating site about 
20cm posterior to the recording site, the 
latency was 1.9+0.5 msec (Mean standard 
deviation, 4—11) (Fig. 5). 

The extracellular antidromic Mauth- 
ner cell response recorded from the cod, 
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Fig. 3. Photomicrograph of the paired Mauthner cells and their related structurés. VIII. 8th 
cranial nerve, VI: 6th cranial nerve, IV: 4th ventricle, NMT: nucleus motorius tegmenti, 
TB: tectobulbar tract, FLM: fasciculus longitudinalis medialis. Black bar indicates 1 mm. 
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. Fig. 5. The antidromic activations of the Mauthner cells stimulating the kd cord at strengths 


stradding threshold. 


Al: Antidromic field potential with EHP (The base line is bis EAR] by a 


horizontal line). 


B1: Intracellular recording of the antidromic activation. 


A2: All-or-none antidromic field potential. 
Increasing stimulating voltage lead to full size potential (lower 


shows no response. 
trace). 


Below threshold stimulation (upper trace) 


B2: Only a small delay EPSP is present on below threshold antidromic activation. In- 


creasing stimulating voltage giving a fully fledged action potential. 
from contralateral Mauthner cell activation. 


is a short latency, all or none negative 
potential which is similar to those of the 
other teleosts, e.g. goldfish (Faber and 
Korn, 1978; Eaton et al., 1981, 1982; Funch 
and Faber, 1982a), winter flounder (Zottoli, 
1981). The short latency fits with the 
fact that Mauthner axons are the fastest 
conducting fibers in the spinal cord, with 
a range of 70-100 m/sec (Faber and Korn, 
1978; Zottoli, 1981; Eaton ei al, 1981, 
1982; Funch and Faber, 1982b; Eaton and 
Hackett, 1984). Zottoli (1977) showed that 
goldfish, 11.5 to 145cm in length, have 


This could be 


Calibration: 10 mV, 1 msec. 


a latency to antidromic stimulation of 
caudal spinal cord of 0.91 msec. Furshpan 
and Furukawa (1962) assumed a value of 
100 m/sec for the conduction velocity of 
80 m/sec by calculating the delay of two 
spikes recorded from two electrodes 
separated by 3mm. Measurements using 
a single electrode were 172; larger than 
those determined using two electrodes 
(Funch and Faber, 1982a, b). In the pre- 
sent experiments, using a single recording 
site, conduction velocities were around 
100m/sec measured with a conduction 
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length of about 20cm and a mean latency 
around 1.9 milliseconds. Allowing for 
error in single electrode studies, likely 
values are around 85 m/sec. 

The extracellular antidromic spike 
recorded in the region of the axon cap 
has an all or none characteristic (Fig. 
5A2). A discrete hyperpolarization, the 
extrinsic hyperpolarising potential (EHP), 
can be recorded from this region (Fig. 
5A1), but on intracellular penetration it 
no longer appeared (Fig. 5B2). This po- 
tential is characteristic of the Mauthner 
axon cap region only and is a valuable 
aid in identification (Faber and Korn, 
1978; Zottoli, 1981). The EHP has a longer 
latency than the antidromic spike, and 
can be elicited in the absence of an anti- 
dromic response in the Mauthner cell. 

The Mauthner cell could be more 
accurately localized with the aid of an 
antidromically evoked positive potential, 
which referred to the EHP (Zottoli, 1981). 
It arises from certain extracellular po- 
tential changes, which passively hyper- 
polarize the axon cap region. In fact, it 
is a type of electrical inhibition (Fur- 
shpan and Furukawa, 1962, Faber and Korn, 
1978). Cod clearly shows this potential 
with its characteristically long latency 
relative to the antidromic spike, which 
appears only in extracellular records, 
suggesting a common origin to the EHP 
as in other fish, goldfish and winter 
flounder (Furukawa and Furshpan, 1962; 
Faber and Korn, 1978;  Zottoli, 1981). 
Differences in inhibitory synaptic inputs 
to the axon cap region may be important 
in the control of Mauthner excitability 
under conditions of effective sensory 
stimulation. Zottoli (1978) suggested that 
the electrical component of the inhibition 
at least was dependent on the integrity 
and high electrical resistance of the axon 
cap and the glial element. This suggests 
that there may be a functional separation 
corresponding to the morphological sepa- 
ration into two types of axon caps. 
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